We measured the relationships between changes in extracellular pH (pHe)' potassium (Ke), and calcium (Cae) activities and DC potential (DCe) in pro gressive ischaemia of rat cerebral cortex, pHe and Ke, or Cae and Ke, were measured at the same point simulta neously, using triple-barrelled, double-ion-sensitive mi croelectrodes. Ischaemia was produced using bilateral ca rotid artery occlusion and hypotension in rats under 50% N 2 0-0.4% halothane anaesthesia. Unilateral carotid ar tery occlusion did not affect blood flow, but bilateral oc clusion reduced flow to �40% of normal. Autoregulation of blood pressure (BP) changes was lost after bilateral occlusion, and so progressive hypotension produced a linear decrease in flow. pHe began to decrease at high Abbreviations used: [Atotle, Extracellular total weak acid con centration; BP, blood pressure; Cae' extracellular calcium ac tivity; DC, extracellular direct current potential; ISM, triple barrelled, double-ion-sensitive microelectrodes; Ke, extracel lular potassium activity; MSBP, mean systemic blood pressure;
The occurrence of brain tissue acidosis during total ischemia or after circulatory arrest has been known for many years (Crowell and Kaufmann, 1961; Heuser et aI., 1975; Silver, 1978; Nemoto and Frinak, 1981; Siemkowicz and Hansen, 1981; Kraig et aI., 1983) . This acidosis has been postulated to be one of the factors influencing recovery after an ischaemic insult (Rehncrona et aI., 1980; Siesj6, 1981) , although not all the evidence supports this proposal (Siemkowicz and Hansen, 1981) . Astrup et ai. (1977) demonstrated rapid, revers ible decreases in extracellular pH (pHe) in partial ischaemia of primate brain, and Gibson et ai. (1983) showed self-resolving decreases in pial surface pH during partial ischaemia of cat brain. However, no levels of flow (30-35 ml 100 g-I min-I) and showed step wise acidotic shifts with reductions in BP. Ke was affected at flows of � 15 ml 100 g -I min -I, during which time it was critically dependent on BP. When Ke reached 6 mM, it increased rapidly to 40 mM and was associated with a negative shift in DCe. When Ke reached � 10 mM, Cae decreased rapidly to �O.I mM. pHe had reached 6.87 when Ke increased rapidly and showed a transient alka lotic shift of �0.14 units at that time. Possible mecha nisms for the sequence of ion changes described are dis cussed. Key Words: Cerebral blood flow-Extracellular pH, potassium, and calcium-Partial ischaemia-Rat ce rebral cortex. systematic relationships between pHe' CBF, and extracellular potassium activity (Ke) have been es tablished.
In a study on progressive cerebral ischaemia in the rat we related changes in pHe to CBF, to Ke, to the extracellular direct current potential (DCe), and indirectly to extracellular calcium activity (Cae)' Two ions (either pH and K, or Ca and K) were measured at the same point simultaneously using triple-barrelled, double-ion-sensitive micro electrodes (ISMs) described previously . This is the first description of the bilateral carotid artery occlusion-hypotension model of ischaemia used in this laboratory. This article will also de scribe the effects of unilateral and bilateral carotid artery occlusion and subsequent hypotension on CBF and compare these changes with literature values.
METHODS

Surgical procedures
Sixteen male Wistar rats (�200 g) were anaesthetised throughout the experiments using a 50% NzO-50% ox ygen/halothane mixture, first in a box and then with the delivery tube placed over the animal's snout during the procedures preceding the tracheostomy. Salivation was reduced by intramuscular injection of 15 /Lg/kg atropine sulfate. Both femoral arteries and one vein were cathe terised and subsequently used for exsanguination, the measurement of pulsatile blood pressure (BP), and the delivery of drugs. A tracheostomy was then performed.
The animals were relaxed with tubocurarine (l mg/kg i. v., repeated every 1-2 h) and ventilated with an Ealing Bio science small-animal ventilator at a rate of 110 breaths per minute and at an appropriate volume to maintain normal blood gas levels (see Ta ble I). Both carotid ar teries were exposed, and the left carotid artery was snared and exposed via a "window" to provide lateral access for occlusion at a later stage. The animal was se cured in a head holder, and its temperature maintained at -37°C with a homeothermic heating blanket. The scalp was removed, and two burr holes were drilled, each ex posing about 9 mm 2 of cortex. One burr hole was located over the right frontal cortex (2 mm anterior to the bregma and 2 mm lateral to the central suture) and one over the left parietal cortex (2 mm posterior to the bregma and 2 mm lateral to the central suture). A pool was then pro duced by fixing a cylinder to the skull around the two burr holes. The cylinder was filled with warmed Hart mann's solution to protect the cortex.
Measurement electrode configuration
Two platinum electrodes «125 /Lm diameter) were im planted in each hemisphere -3 mm apart to record blood flow by the hydrogen clearance technique (Pasztor et a!., 1973) . The animal was polarised to +400 mV by an Ag/ AgCI reference electrode placed subcutaneously in the animal's back. An ISM was then implanted, using a Prior micromanipulator, between the two flow electrodes through a hole in the dura. The cortical DCe was recorded from the reference barrel of each ISM. The DCe was com pared to a chlorided silver ball connected to neck muscle via an agar-solidified 0.9% NaCI bridge. The pool was filled with warmed mineral oil to protect the cortex during the experiment. The animals were allowed to stabilise for at least 20 min before the experiment was started.
Ion-selective microelectrodes
The ISMs used were triple-barrelled, double-ion-sen sitive microelectrodes, the construction of which has been described in detail previously Symon 1981, Harris et aI., 1981) . The combination of ions mea sured was either potassium and calcium or potassium and pH.
The pH ion-selective resin used was that described by Ammann et a!. (1981) and was obtained through Fluka. The internal reference solution used was 10 mM 2-(N morpholino)ethanesulfonic acid (MES) buffer in 150 mM NaCI-3 mM KCI brought to -6.7 pH with 1.0 M NaOH. The pH calibrating solutions were all made from ethane sulfonic acid derivatives at a concentration of 10 mM in 150 mM NaCI-3 mM KCI and brought to the appropriate pH with 1.0 M NaOH or HC!. Four buffer solutions were used for calibration, pH 6.1 and pH 6.7 using MES, pH 7.1 using 1,4 piperazinediethanesulfonic acid (PIPES), and pH 7.5 using N-2-hydroxyethylpiperazine-N' -2-eth anesulfonic acid (HEPES). The calibration curves of the 10 ISMs used had a slope of 65 ± 4 m V (mean ± SD) for a change of 1 pH unit. Selectivity checks confirmed that the pH ISM was essentially unreactive to Na + , K + , Ca 2 +, Mg 2 +, HC0 3 -, and P04 3 -. Six of the animals had neither carotid artery ligated during surgery. In these animals flow was measured ini tially and again after one and two carotid artery occlu sions. In the remaining 10 animals the right carotid artery was occluded during surgery, and the first flow recorded was considered to be adequate as a control (see Results). Flow was recorded again after the second occlusion. The animals were then exsanguinated as necessary to reduce the blood flow to the desired levels. In all cases the flows from the two electrodes on each hemisphere were aver aged to obtain a regional flow value which was related to the steady-state levels of ion activities. The two regional flow values were averaged for each animal to give a mean cortical flow which was related to mean systemic blood pressure (MSBP).
RESULTS
Blood flow and physiological data
Ta ble 1 shows the effect of one and two carotid artery occlusions on blood flow in the cortices of the six rats in which both carotid occlusions were performed in the measurement phase. Unilateral ca rotid occlusion did not change flow from its control level of 79 ± 28 mllOO g-l min -1 (mean ± SD), whereas bilateral occlusion reduced flow to 28 ± 7 ml 100 g-I min -I which is equivalent to 35% of the control value. Although BP increased after each ar terial occlusion, there was no correlation between this increase and the residual blood flow. Ta ble 2 shows the flow 2-3 h after unilateral ca rotid occlusion (occluded during surgery ) and the effect of occluding the other carotid artery. The re sidual flows after unilateral and bilateral occlusion for this group were not different from those de scribed for the group above.
The phy siological state of the animals in the groups with and without unilateral occlusion at sur gery and the combined total are shown in Ta ble 3.
The Paco2 values differed significantly in the two groups, and this may explain the higher flows in the group with unilateral occlusion during surgery;
however, any effect on blood flow was not statis tically significant.
Unilateral occlusion of the right carotid artery re duced flow by 7 ± 12% in the right hemisphere and 3 ± 6% in the left hemisphere. Subsequent occlu sion of the left carotid artery reduced flow by a further 59 ± 15% in the right hemisphere and 62 ± 16% in the left hemisphere. As would be expected from the results just described, there was a close correlation between the residual blood flow in the left and right hemispheres recorded directly after bilateral carotid occlusion ( Fig. I, left) . However, at lower BP (60-90 mm Hg), although the close correlation between flow in the left and right hemi spheres remained, flow was significantly (p < 0.001) higher at the left hemisphere recording site in comparison to the flow recorded on the right hemisphere ( Fig. 1, right) . This difference amounted to 8 ± 4.3 ml 100 g-I min -I averaged over 11 animals. The side-to-side differences were not influenced by the time of occlusion of the ar teries, whether it involved unilateral right carotid artery occlusion during surgery or bilateral occlu sion during the measurement phase. One animal had the left carotid artery occluded during surgery, and this animal also showed preservation of flow in the left hemisphere.
The regional flows calculated for each hemi-sphere were averaged for each animal and related to BP (Fig. 2 ). There was a complete loss of auto regulation after bilateral carotid occlusion, a phe nomenon well documented for ischaemic cortex.
Extracellular ion changes
Ke and Cae were recorded together at the same site 13 times in eight animals. During the initial con trol phase, with or without unilateral carotid occlu sion, Ke was 3.3 ± 1.02 mM and Cae was 0.73 ± 0.24 mM.
An level Ke began to rise steadily and, at an average value of 6.3 ± 1.25 mM, increased dramatically to a peak of 40 ± 18 mM. Ninety percent of this peak of Ke was reached in less than 15 s, showing that the rise was not as fast as that found in spreading depression (Hansen and Zeuthen, 1981) .
DCe generally showed either no shift or a slight negative shift as Ke rose steadily, followed by a sudden negative shift of 18 ± 3.2 m V at the time of onset of the dramatic rise in Ke (when Ke = 6.2 ± 1.8 mM ). Cae began to fall in a precipitous fashion at 9.7 ± 2.6 mM Ke, which is a higher value of Ke than that at which DCe changed. Cae fell to 54 ± 16% of its final value in less than 15 s, fol lowed by a more gentle decrease. The average final value of Cae for the period of measurement of the experiments was 0.11 ± 0.02 mM.
Ke and pHe were recorded together at the same site 10 times in six animals. During the initial phase, after unilateral carotid occlusion, Ke was 3.4 ± 1.2 Relationship between the regional blood flow recorded in the two hemispheres directly after bilateral carotid occlusion. The equation of the line was y = 0.9x + 2.6, r = 0.8429 (p < 0.001). There was no difference between the flows recorded in the two hemispheres. Right: Relationship between regional blood flow in the two hemispheres recorded at reduced blood pressure. The equation of the line was y = 0.96x -6.3, r = 0.8531 (p < 0.001). The flow at the recording site on the left hemisphere was �8 ± 4.3 ml/100 g/min (p < 0.001) higher than that found on the right hemisphere. MSBP, Mean systemic blood pressure.
mM and pRe was 7.49 ± 0.21. An example of the type of change occurring in Ke, pRe' and DCe in ischaemia is shown in Fig. 4 . The changes in Ke and DCe were the same as those described for the pre vious group: no effect after bilateral carotid occlu sion, followed at a critical level of flow by a gentle rise in Ke and then a rapid rise to its final level which was associated with a negative shift in DCe. pRe' on the other hand, showed no such dramatic change.
Immediately after the second carotid artery was occluded there was a decrease in pRe of 0.28 ± 0.18 units (average from five animals). This change was followed without bleeding or other interference for several minutes at six sites in three animals. There was a 34 ± 9% recovery toward preocclusion values, but there was no complete recovery. With exsanguination it was possible to show a step re duction in pRe with step reductions in blood flow and BP. After the onset of the dramatic rise in Ke there was an alkalotic shift in pRe of 9 ± 3.8 m V which was equivalent to 0.14 pR unit. The value of Ke at which the alkalotic shift occurred (7.8 ± 1.7 mM, n = 4) was not different from the value at which Cae began to fall in the other series but was As BP is reduced there is a stepwise reduction in pH. which attains a new stable level. At -8 mM K. (after K. has started its rapid rise) there is an alkalotic shift in pH. followed by a further reduction to -pH 6.5. CBF is expressed in ml/100 g/min and BP in mm Hg.
higher than the value of Ke when DCe showed its marked negative shift and Ke began its sharp rise. The pHe when Ke rose dramatically was 6.87 ± 0.50 (n = 4), and the final pHe recorded was 6.52 ± 0.25. This value was attained 1-18 min after the massive rise in Ke and up to 1 h after bilateral ca rotid artery occlusion. Figures 5-7 show the relationships of Ke, Cae' and pHe to blood flow. Ke remains close to its con trol value until flow values of � 15 ml 100 g -J min -J, below which Ke rises dramatically. This is a relationship similar to that found in primates (As tmp et aI., 1977; Branston et aI., 1977; Harris et aI., 1981) , although the threshold is at a higher blood flow. Cae also shows a similar flow threshold to Ke at about 15 ml 100 g -I min -J which is higher than that found in primates (Harris et aI., 1981) . pHe, on the other hand, shows a steady decline from flow values of �35 ml 100 g-I min -I, having already decreased from the control value after bilateral oc clusion. The relationship between absolute pHe and blood flow is not greatly changed if LlpHe (i.e., de crease from control) is used in place of absolute values.
DISCUSSION
The model of bilateral carotid artery occlusion in the rat was extensively studied in the early 1970s by Siesjo's group Siesjo, 1972a,b, 1973; Eklof et aI., 1974) . The aim of the current study was to set up the model, show that the reaction of the model was similar to the literature values, and report the changes in Ke, Cae' and pHe in progres sive ischaemia. To aid in extrapolation of the results on ion shifts and flow relationships in this model to those found in primates, it was necessary to repeat the study on the interrelationship between Ke, Cae' and blood flow.
Blood flow
Cortical blood flow in the rat at normocapnia has been measured at 86-127 ml 100 g-l min -1 under 70% N 2 0 anaesthesia using various tech niques (Eklof and Siesjo, 1973; Eklof et a!., 1974; Matsumoto et ai., 1975; Horton et ai., 1980) . Haining et a!. (1968) found values of 79 ml 100 g-l min -I in the awake rat using hydrogen clearance, which agree well with the 84 ml 100 g-I min -I av erage flow found in the present study. Unilateral carotid occlusion did not affect the blood flow of either hemisphere, but bilateral carotid occlusion reduced flow to an average of 34 ± 12 ml 100 g -I min -I (40% of control). At this stage, with BP at -120 mm Hg, there was no difference in the flow in either hemisphere. However, at lower pressures, although the relationship between flow in the left and right hemispheres was maintained, there was a significantly higher flow in the left hemisphere. The latter results are at variance with those of Eklof and Siesjo (1973) who showed large flow differences be tween hemispheres at BP s of 100 and 70 mm Hg. This discrepancy could be due to the different methods used. Eklof and Siesjo (1973) directly counted [14C]antipyrine in "chunks" of mixed grey and white matter, which may have introduced vari ability. On the other hand, the local flow measured by hydrogen clearance in the present study pro duced homogeneous flow values. The higher flow in the left hemisphere is an interesting observation. It does not appear to be a result of the time of oc clusion of the right carotid artery or the fact that the right side was occluded first. In one animal the left side was occluded first and the same left-to right flow difference was found. It seems more likely that the difference was due to the position of the flow electrodes, anterior to the bregma on the right side [in the somatosensory cortical area (Angel et a!., 1973) ] and posterior to the Bregma on the left side. The posterior position probably receives more collateral circulation from the basilar artery terri tory.
The loss of autoregulation to BP changes in isch aemic tissue is a well-known phenomenon (Waltz, 1968; Symon et a!., 1976) , and a similar result is reported here. The flow results show that, using the H 2 clearance technique, there is a flow of -13 ml 100 g-I min -I at 50 mm Hg which is over double that found by Nordstrom and Rehncrona (1977) using the [14C]ethanol technique.
The insult produced by bilateral carotid artery occlusion is primarily a global one, although Eklof and Siesjo (1973) suggested that there may be a higher flow in occipital and temporobasal cortex compared to frontal and parietal cortex. All areas are still grossly affected. The global insult is, how ever, unlikely to affect any comparison of changes in extracellular ion activities in the rat and in re gional ischaemia in the primate.
Ke, Cae, and pHe
The changes in Ke and Cae with progressive is chaemia of the rat are qualitatively similar to those found in the primate, and the following discussion will compare the present results with those reported by .
The similarities lie in the observations that Ke rises slowly before Cae is affected and that during this slowly rising phase Ke is critically dependent on CBF and BP and can easily be normalised by increasing the BP. The value of Ke at which Cae falls is lower than but not significantly different from that found in primates .
The peak values after the sudden changes in Ke and Cae are similar to those found in primates.
The first difference was found in the observation that Ke rose slowly in the primate to -13 mM be fore increasing rapidly, whereas the rapid increase in Ke began at 6.3 ± 1.25 mM in the rat. It is in teresting to note that the types of changes in Ke in terminal ischaemia of the rat (i.e., after intravenous administration of KCl or MgCI2) are more similar to those in partial ischaemia in the primate than to those in partial ischaemia in the rat (Hansen, 1977 (Hansen, ,1978 Kraig et a!., 1983) .
Second, Ke began to rise rapidly before the fall in Cae' whereas the two events were simultaneous in the primate. One of the hypotheses previously suggested by us (Harris et aI., 1981) postulated that the reason for the fall in calcium in ischaemia is a voltage-dependent membrane permeability in crease. The finding that DCe [and presumably the transmembrane potential (Loeschcke, 1971) ] changed before the onset of the fall in Cae is not consistent with this hypothesis. However, in this fast-moving situation there may be a greater delay before the ISM senses a decrease in concentration in comparison with an increasing concentration, which may have influenced the result.
Third, there was no increase in Cae as Ke was rising slowly, a phenomenon seen in the primate when Ke approached 13 mM. One possible expla nation for this was a concentration effect due to shrinkage of the extracellular space (Hansen and Olsen, 1980) . The lack of increase in Cae in the rat may be due to the fact that Ke rose quickly after 6 mM, so there was no time for any major reduction in the size of the extracellular space to affect Cae'
The final difference was that the blood flow threshold for loss of ion homeostasis in the rat, that is to say, a rise in Ke and a fall in Cae' occurred at a flow of �15 mll00 g-I min -I, which was higher than that found in the primate. The raised blood flow threshold could be due to a species difference; rats are known to have a higher metabolic rate (Siesj6, 1978) , which may make them more suscep tible to ischaemic injury (Astrup et aI., 1980) . The other main difference between the two studies was the anaesthetic: the primates were under chloralose and the rats under 50% N20-50% O2-0.4% halo thane. Ingvar and Siesj6 (1982) showed that 70% N20 did not affect the cerebral metabolic rate for glucose in comparison to awake minimally re strained rats. In addition, 1.25% halothane has been shown to reduce the metabolic rate for oxygen by 9% (Siesj6, 1978) , so the influence of 0.4% is prob ably minimal. McDowall et al. (1978) states that halothane tends to decrease the metabolic rate, while increasing blood flow. These two effects tend to balance out from the point of view of threshold blood flows. Dudley et al. (1982) have shown that chloralose reduces the metabolic rate in some cor tical areas of the rat. However, there are no data specifically relating to primate parietal cortex. Any reduction in metabolic rate in the primate tends to widen the difference in threshold between the two species, but it is likely that the influence is minor.
pHe was measured at 10 sites in six animals in conjunction with Ke' Immediately after occlusion of the second carotid artery there was a rapid 0.28 pH acidotic shift which only partially normalised. The shift could be due to a rapid buildup of CO 2 in the tissue. Symon et al. (1972) have shown that 1984 there is a significant increase in the lactate content of venous blood draining from an ischaemic area within 60 s of arterial occlusion, and Hansen and Mutch (1983) have demonstrated accumulations of � 7 mM lactic acid at the peak of a spreading depression. A buildup of lactic acid could, there fore, contribute to this acidosis.
A recent hypothesis has suggested that pHe is determined by a combination of the extracellular strong ion difference ([SID]e)' the extracellular total weak acid concentration ([Atot]e)' and the partial pressure of CO 2 in the extracellular space (PeCOZ) (Kraig et aI., 1983; Stewart, 1981) . The [SID]e is the difference between the strong cation concentration (Nae, Ke, Cae' Mge) and the strong anion concentra tion (Cle and lactate).
The progressive, flow-dependent acidosis seen in the current experiments, which occurs before the generalised depolarisation, cannot be explained in terms of changes in strong cation or chloride con centrations [data on Nae and Cle taken from Hansen and Zeuthen (1981) ]. Extracellular lactate in creasing up to 25 mM would explain the acidosis in terms of [SID]e changes and increased Peco2 due to quenching of H + with bicarbonate ( Fig. 12 in Kraig et aI., 1983) . Eklof and Siesj6 (1972b) found 20 mmollkg wet tissue lactate concentration in rat brain after 5 min of carotid artery occlusion at 70 mm Hg blood pressure. This suggests that there should be sufficient lactate to account for the aci dosis during the first few minutes of ischaemia, de pending on its compartmental distribution. Also, Si emkowicz and found that the lowest pHe in complete ischaemia was dependent on the initial blood glucose concentration, further sup porting the role of lactate in determining pHe in is chaemia.
In total ischaemia the drop in pHe is steady and continuous down to its final level which is dependent on the preischaemic tissue glucose concentration (Siemkowicz and Hansen, 1981) . In progressive is chaemia pHe decreases as CBF and BP decrease, but reaches a new stable level if CBF and BP sta bilise. This indicates that during partial ischaemia the level of pHe is determined by a dynamic equi librium between the rate of formation of H + ions and the rate of H + removal by buffering and active transport. Hydrogen ion concentration has been shown here to increase exponentially with a reduc tion in flow, and this may be the result of a com bination of lost physicochemical buffering capacity, increasing H+ formation, and decreased removal of CO2 and lactic acid by the blood.
The intracellular space is more acidic than the extracellular space under normal conditions, so the progressive acidosis could be the result of an in crease in membrane permeability to hydrogen ions. This explanation seems unlikely, as Ca, Na, and Cl homeostasis appears to be intact at least down to flows of 15-20 ml 100 g-I min -I. Further investi gation of these mechanisms is in progress.
It is difficult to characterise the transient alkalotic shift in terms of [SIDle' [Atot]e' and Peco2 because of the mUltiple changes in the components of the extracellular space when there is a generalised in crease in membrane permeability. There has been little work on the regulation of intracellular pH (pHj) in partial ischaemia, and so it is difficult to predict the pHj at the time when Ke increases dra matically. To speculate, extracellular Na and CI ac tivities are essentially normal and presumably are available for acid-base regulation (Aickin and Thomas, 1977) . Thomas (1976) showed that contin uous superfusion with solutions containing high Pco2 caused only a transient decrease in pHj ' Silver (1978) has reported results which suggest that pHj in ischaemia decreases by about 0.1 unit and begins to plateau while pHe continues to decrease. Silver (1978) did not attempt to answer the question of the changes in pHj during ischaemia, and so the report did not contain blood flow values and only the first 40 s of recording were shown. It can be argued, therefore, that pHj will be better protected than pHe and that a slow release of protons within the intra cellular compartment during partial ischaemia (be fore any major ion change) will be buffered more than the 40% predicted from physicochemical buff ering alone.
On this basis, at the onset of the rise in Ke, when there appears to be a generalised increase in mem brane permeability, pHe will be less than pHj and so hydrogen ions will flow down their concentration gradient. If pHj has remained close to its normal level (for the purpose of this calculation taken to be a decrease from pH 7.05 to pH 7.00), then equili bration of hydrogen ions when Ke rises (and pHe is 6.87) will cause a 0.10 pH rise in comparison to the 0.14 pH rise measured. Kraig et al. (1983) have sug gested that the alkaline transients are Ca 2 + -me diated because they are abolished by Mn 2 + , a cal cium channel blocker. Our observation that the Ke at which the alkalotic transient begins is very sim ilar to the Ke at which Cae falls supports this sug gestion. It is obvious from the discussion above that the mechanism of the alkalotic shift is by no means explained. The relationship between CBF and the ions mea sured could have been affected by acid-base and/or haematocrit changes in the blood resulting from bleeding. We were interested in the acute ion changes, and these occurred at � 13 ± 3 min (mean ± SE) after the onset of bleeding. In half the cases, the ion changes occurred within � 5 min of the onset of mild bleeding, and the rest of the results showed a similar pattern. Similarly, an effect of deterio rating systemic factors would be associated with progressive acidosis which, from Fig. 4 , is clearly not the case. Therefore, we feel that, although a potential source of error, BP reduction by bleeding did not affect the relationships between the ions and the blood flow during the short period of interest.
At the peak of the alkalotic transient with all hy drogen ions evenly distributed, pHj would equal pHe at approximately 7.03. The further reduction in pHe to 6.5 measured in these experiments repre sents a further increase in hydrogen ion concentra tion of over 350%.
When considering the final values of pHe noted here, it must be borne in mind that the blood glu cose was not measured and that the time of mea surement after the large rise in Ke varied consid erably. However, we would expect that the blood glucose would be in the normal range, as all animals were allowed free access to food and water. The pHe traces were all approaching a plateau when re cording was stopped, so it is likely that, although the final values reported are underestimated, they are not grossly so.
Finally, Mayevsky (1978) showed that cortical en ergy reserve was affected after bilateral carotid ar tery occlusion in the rat (CBF �30 ml 100 g-I min -I). This was manifested by a diminution in the size of the oxidation cycle evoked by spreading depression. Branston et al. (1982) showed that the first pathological changes in progressive ischaemia of primate cortex were manifested by a reduced rate of normalisation of evoked increases in Ke. These changes occurred at high flow levels (20-30 ml 100 g-I min -I). It may be that the acidosis reduces the ability of the tissue to cope with an increased en ergy demand during Ke increases, possibly as a re sult of an effect on energy metabolism, through in hibition of phosphofructokinase (Siesj6, 1978) .
In summary, in progressive ischaemia of rat brain there is steadily deepening extracellular acidosis when blood flow is reduced below � 35 ml 100 g -I min-I. When flow reaches �15 ml 100 g-I min -I and pHe drops by 0.6 units, there is a massive rise in Ke and a negative shift in DCe. When Ke reaches �1O mM, Cae falls to 0.11 ± 0.019 mM.
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